In a few-cycle laser pulse, the peak field strength depends on the carrier envelope phase. Concurrently, coherent control requires the measurement and manipulation of the spectral phase of a light pulse to influence a dynamical process that has multiple interfering pathways. Here, we exploit the interference of second harmonic generation and self-phase modulation in an 80 μm thick quartz plate due to a two-cycle pulse centered at 1.8 μm with peak intensity 3 × 10 13 W∕cm 2 to generate half-cycle electric field transients. In a monolithic step, we transform a measurement of the carrier envelope phase to the control over the pulse evolution with subcycle temporal accuracy. The high-intensity subcycle transient is scalable in pulse energy and will be useful for strong field physics and attosecond science: the ultrashort infrared pulse can generate isolated attosecond pulses from low bandgap semiconductor materials, and will be able to optically control currents on a subfemtosecond timescale.
INTRODUCTION
The interference between quantum mechanically distinct pathways enables coherent control of chemistry [1] , drives currents in solid state devices [2, 3] , and transforms mode-locked lasers into frequency combs [4, 5] . Influenced by the latter, we self-phase modulate two-cycle 1.8 μm pulses in sub-100-μm-thick crystalline quartz to produce a spectrum that spans multiple octaves, while simultaneously exploiting non-phase-matched second harmonic generation to frequency up-convert the broadened spectrum.
A coherent supercontinuum spectrum without temporal chirp produces few-cycle pulses. The supercontinuum spectrum is typically generated through self-phase modulation in isotropic media, such as condensed matter [6, 7] , photonic crystal fiber [8, 9] , or noble gases [10, 11] . In the extreme case of single and subcycle pulses, the complete control of the entire spectral phase becomes difficult [12] . The pulse is separated into several spectral branches, either rooted in a common multioctave spanning laser [13] [14] [15] , or from separate lasers [12, 16, 17] . Each branch is temporally compressed, and all branches are coherently recombined. The resulting field requires not only the active stabilization of the phase of the seed laser pulse, but also careful dispersion management and subfemtosecond control of each spectral branch. In this paper, we propose and demonstrate a simplified method of generating a half-cycle transient field in the near infrared. Although there is less control over each step in the pulse compression process compared with previous techniques, our monolithic approach is considerably simpler to implement.
The nonlinear index of refraction depends only on the intensity (not the field), and is therefore independent of the carrier envelope phase (CEP). We use a thin quartz crystal-a material that can generate the second harmonic in parallel polarization to the fundamental field-to augment the bandwidth of the spectrum. The interference between the self-phase modulation and second harmonic generation depends on the CEP and leads to a pulse envelope reshaping, thereby introducing a strong CEP dependence in the supercontinuum. When operating in the anomalous dispersion regime, the newly created frequency components maintain the phase of the driving field and further compress the pulse. Using this ultra-broadband pulse restructuring, we synthesize intensity transients as short as half an optical cycle in a monolithic step while simultaneously measuring the absolute carrier envelope phase of the driving field. We also demonstrate that nonlinear pulse compression can passively stabilize the transmitted CEP, making electric field transients possible for lowrepetition-rate, high-power lasers and attosecond science [18] .
The phase of the second harmonic is determined by the CEP and quartz thickness and limits the independent control of the second harmonic phase relative to the fundamental. The spectral phase of the multioctave-spanning half-cycle transient also requires that the central frequency is in the anomalous dispersion regime, which limits the initial bandwidth of the pulse (for quartz, this is 1.3-3 μm). The relatively low nonlinear susceptibilities (χ 2 and χ 3 ) require that we operate at relatively high intensities, above 1 × 10 13 W∕cm 2 .
METHODS
We generate ultrashort pulses centered at 1.8 μm from the idler of a CEP stable optical parametric amplifier (HE-TOPAS).
To create the few-cycle pulses, we focus the 1 mJ, 70 fs duration idler into a hollow-core fiber with 1.1 Bar argon and compress to two cycles with 3 mm of fused silica; the output is 600 μJ and 11 fs duration [19] . We control the CEP with a pair of fused silica wedges placed either before or after the fiber.
We loosely focus (confocal parameter 10 cm) the few-cycle pulse onto an 80 μm thick monocrystalline quartz. A thin medium allows us to maintain one-dimensional propagation throughout the material. The spectrum of the few-cycle driving field broadens through self-phase modulation, where the light intensity controls the degree of self-phase modulation. The quartz is X cut with the polarization along the ordinary crystal direction to create the second harmonic. We combine self-phase modulation with second harmonic generation (taking place over the short coherence length of the material) to create the supercontinuum spectrum. The relative phase of the two pathways is sensitive to the CEP. We record the spectrum with either a visible or an infrared spectrometer.
To demonstrate that the CEP-dependent spectral modulation leads to a temporal modification, we measure the field transient with the petahertz (PHz) optical oscilloscope technique [20] . (The experimental setup is shown in Supplement 1.) We separate the fundamental field into two arms: the generating arm and the signal arm. In the generating arm, we use polarization gating (PG) to generate the isolated attosecond pulse, measured as a supercontinuum XUV spectrum with a two-dimensional spectrometer. The peak intensity is 1 × 10 14 W∕cm 2 incident on a krypton gas jet, backing pressure 6 Bar with a 250 μm diameter nozzle.
The signal arm, 10% power of the fundamental, is delayed by a nanometer resolution delay stage and focused onto the quartz sample with a 20 cm focal length mirror for a peak intensity up to 5 × 10 13 W∕cm 2 . A 15 cm focal length mirror is on a micrometer resolution stage to control the divergence. The signal arm is further attenuated by a 3% reflection from glass, and is sent to a 30 cm focal length mirror to the gas jet. The relative intensity of the signal arm to the generating arm is estimated to be I s ∕I g 9 × 10 −4 with a relative angle of 20 mrad. The PHz optical oscilloscope records the deflection caused by the signal arm, σ d E∕d t, which is the derivative of the signal electric field. We measure the signal by following the peak of the XUV profile (at 25 1 eV) as we delay the signal field relative to the generating arm. We digitally filter the signal with a filter bandwidth of 400 nm to 8 μm to remove XUV pointing drifts during acquisition; the field is calculated by integrating the resulting signal.
Further experimental setup details are given in Supplement 1.
RESULTS AND DISCUSSION
Because we observe little change in the infrared (the fundamental) portion of the spectrum, we first focus on the effect of the quartz on the visible (low-order harmonics) portion, shown in Fig. 1 . We irradiate the quartz at low intensity, I peak 1 × 10 13 W∕cm 2 , well below the damage threshold for quartz (greater than 4 × 10 13 W∕cm 2 for a two-cycle pulse centered at 1.8 μm). In Fig. 1(a) , the interference fringes, which measure the relative CEP, arise from the second harmonic (generated within the quartz) interfering with the third harmonic that is generated in the hollow-core fiber (see Supplement 1) [21] .
At moderate intensities, I peak 3 × 10 13 W∕cm 2 , there is an additional strong amplitude modulation, shown in Fig. 1(b) . The amplitude modulation is a signature of the interference of the generated second harmonic, estimated to be approximately 2% in intensity of the fundamental, with the self-phase-modulated fundamental in parallel polarization (see Supplement 1) . In this case, the relative phases of the fundamental and low-order harmonics depend on the CEP and cause amplitude modulation. This spectral amplitude gives additional information on the laser phase, enabling the measurement of the absolute value of the CEP [22] .
To confirm the origin of the modulation, we rotate the quartz plate through 90°, such that the polarization is along the optic axis. This rotation eliminates the second harmonic, but keeps all other parameters constant. The spectrum becomes independent of the CEP, shown in Fig. 1(c) . Thus, second harmonic generation in the quartz plate plays a vital role in both the broadband modulation of the spectrum in Fig. 1(b) and in the higher frequency spectral interference found in both Figs. 1(a) and 1(b) .
We perform the temporal field measurement, the PHz optical oscilloscope, for different values of the CEP, obtaining the results shown in Fig. 2 . The two traces have an estimated peak intensity incident on the quartz of I peak 2.5 × 10 13 W∕cm 2 . We set the signal arm CEP 0 such that we increase the spectral content, and we measure the dominant field transient to be as short as half an optical cycle, as shown in Fig. 2(a) . When we change the signal arm CEP by π, we decrease the spectral content, and the field transient increases to approximately two cycles, as shown in Fig. 2(b) . The square of the electric field is shown in Fig. 2(c) . We can see that for the case of CEP 0, the measured square of Intensity (arb u) Fig. 1 . Visible portion of the spectrum after quartz. (a) At low intensity, I peak 1 × 10 13 W∕cm 2 , the spectral modulation shows an interference that is dependent on the CEP. (b) At moderate intensity, I peak 3 × 10 13 W∕cm 2 , there is also an amplitude modulation due to the strong interference of the second harmonic and self-phase modulation. (c) Without the second harmonic, where the incident polarization is parallel to the optic axis, there is no second harmonic generated and no spectral modulation I peak 3 × 10 13 W∕cm 2 .
Research Article the field yields a half-cycle pulse, where the full width at half maximum (FWHM) duration is 1.3 fs. Figure 3 (a) shows our calculation of the intensity envelope as a function of CEP, for an incident peak intensity of I peak 2 × 10 13 W∕cm 2 . We simulate this case in one dimension (1D) within the quartz using the Forward Maxwell's Equation, shown to be robust for few-cycle pulses [23] . We use the second harmonic d eff 0.3 pm∕V [24] and nonlinear index of refraction of n 2 3.2 × 10 −16 cm 2 ∕W for our 80 μm thick quartz sample, along with an estimate of the nonlinear spectral dependence [25] . We do not account for spatiotemporal coupling and propagation after the quartz in this simulation. Changing the fundamental CEP changes the phase of the second harmonic, modifying the intensity envelope; the interference between the second harmonic and the fundamental modifies the pulse envelope and changes the pulse duration. At certain values of the CEP, the destructive interference of the second harmonic with the fundamental suppresses the field before and after the main portion of the pulse, thereby shortening the pulse duration. We then take the intensity profile at two CEP values, shown in Fig. 3(b) . For CEP 0 (blue), there is one dominating half-cycle, where the FWHM pulse duration (envelope, dashed) is 2.3 fs, while the square of the field (thick line) has a FWHM pulse duration of 1.2 fs. The pulse duration increases to 7 fs when the CEP changes by π (red).
We increase the incident intensity on the quartz plate, with the polarization perpendicular to the crystal axis to generate a second harmonic. With I peak 4 × 10 13 W∕cm 2 (near the damage threshold), we expect little energy deposited to the sample [26] . We now find that the interference fringes are not linear as a function of the CEP. The measured visible spectrum is shown in Fig. 4(a) , while a 1D calculation is shown in Fig. 4(b) . The spectral modulation now has a nonlinear dependence on the input CEP. Over certain values of the CEP, the spectral modulation becomes less dependent on the driving field CEP (shown by the black line in the insets). This spectral modulation, which represents a measurement of the pulse phase, signifies that after propagating through the quartz the resulting phase is nonlinearly correlated to the driving field CEP.
Figure 4(c) shows the calculated electric field as a function of CEP. The steep slope of the peak of the electric field near 7 fs results from a nonlinear phase delay of the temporally distorted and compressed pulse due to pulse self-steepening. The modification of the field leads to less CEP phase change of the emerging pulse than on the input pulse: the CEP of the propagating pulse does not depend linearly on the CEP of the input. This nonlinear temporal compression leads to self-stabilization and reduces the energy to phase coupling found in CEP measurements [27] . This stabilization can benefit strong field physics, where high peak intensities are obtained with low-repetition-rate systems that are difficult to stabilize [28] . 
CONCLUSIONS
Field synthesis can be performed in a monolithic manner. We exploit the interplay between different orders of nonlinearities within quartz for field synthesis while we simultaneously measure the CEP of the synthesized pulse. In our experiment, generating subcycle field transients is aided by the low group-delaydispersion of the low-order harmonics, enabling us to lock the phases across a newly generated spectrum spanning multiple octaves. However, we could also use materials with higher susceptibilities that can more efficiently generate the second harmonic in parallel polarization to the fundamental, and that have a higher nonlinear index of refraction. These materials may allow for thinner, less dispersive optics [29] , and could broaden the range of driving laser frequencies where monolithic field synthesis can be used. Furthermore, we can incorporate multipass configurations, such as the geometries used for thin-disk lasers [30] , where the multiple passes through the material increase the bandwidth [31] while dispersion-compensating mirrors redirect the beam. This relatively simple setup would allow for the generation of half-cycle transients directly from an amplifier, while the thin optic requires little dispersion compensation and, in principle, should incur little loss. It may even be possible to structure the material itself, so that alternating layers of the optic can take advantage of the higher nonlinear susceptibilities, and other layers can compensate for the dispersion using different materials.
Reproducible behavior of multiphoton processes with fewcycle pulses requires that we control the CEP [32] . In a few-cycle pulse, changing the field within the envelope changes the peak field amplitude [33] , which then modifies the multiphoton ionization rate of atoms and time of electron-ion recollision [34] . In attosecond pulse generation, this dependence changes the generated XUV flux, spectrum, and spectral phase [35] . We expect that this half-cycle transient pulse will be able to generate isolated attosecond pulses from gases in the XUV to hundreds of electronvolts. We also expect to generate isolated attosecond pulses condensed matter [36] , where the infrared central wavelength can drive currents from low-bandgap semiconductor materials.
